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KEY-VALUE STORE FOR LIGHTWEIGHT
REPLICATION OF METADATA

BACKGROUND

Databases are widely used 1n diverse fields. The scale of
database deployments continues to increase in size, in trans-
action-handling capacity, and 1n geographic reach. There
remains a continuing need for eflicient distributed database
technologies.

SUMMARY

In summary, the detailed description 1s directed to various
innovative technologies for metadata management 1n a mas-
ter-slave database environment. Examples of disclosed tech-
nologies use one or more key-value structures to maintain
and retrieve copies of metadata items at a slave node, while
retaining a row store metadata table at the master node. The
master metadata table can be operated as a database table
with guaranteed transactions and their attendant overhead,
while slave key-value structures can be operated in a light-
weight manner, without the same overhead or guarantees.

In one aspect, the disclosed technologies are directed to
computer-readable media storing soitware instructions for
creating a slave key-value store with one or more key-value
entries, and attaching metadata objects to respective key-
value entries. The key-value store serves to catalog, index,
or access local copies of master metadata items. On the
master node, one or more database tables store metadata
associated with a database instance on the master node. The
metadata can be associated with tables, views, users, or
various constructs, modules, or features of the database
instance. Local copies of some or all of the master metadata
items can be stored on a slave node. The key-value store
comprises key-value entries organized as one or more key-
value structures. A key-value structure can include one or
more key-value entries, each having a key and a value. The
value field of a key-value entry can store a metadata object
that includes a metadata 1item, or a reference to a metadata
object storing the metadata item. Alternatively, the value
field of a key-value entry can store a reference to a sequen-
tial data structure (e.g., linked list) that includes a version of
the metadata object with the metadata 1tem, and may include
other versions of the metadata object. Or, the value field can
store, at least at the time of 1imitialization, a placeholder that
will be replaced by the metadata object or reference. The key
field serves as an 1dentifier of an associated metadata object
or metadata 1tem and can be used to look up a desired
key-value entry 1n a slave key-value store. The key field can
contain a qualified name of the associated metadata item. In
some examples, key-value entries for metadata 1items can be
created when copying application-level database tables char-
acterized by the metadata items from the master node to the
slave node. In other examples, key-value entries can be
created when needed, for example, 1n response to a request
for an associated metadata 1tem.

In examples, a metadata item can be a single or atomic
clement such as an 1nteger, a floating point number, or a text
string, while 1n other examples a metadata item can be a
plurality of elements. In examples, one or more elements of
a metadata item can describe an application-level database
table, a table partition, a table replica, or a database view, or
another feature or attribute of the database mstance on the
master node, as described herein.

In some examples, multiple versions of a metadata object
can be attached to a single key-value entry to facilitate
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multi-version concurrency control (MVCC). The metadata
object versions can be organized as a sequential data struc-
ture containing multiple metadata objects, for example, a
linked list. In such examples, the value field of a key-value
entry can contain a reference to the head of the linked list.
As successive versions (or snapshots) of a metadata 1tem are
received at the slave node, they can be packaged as respec-
tive metadata objects and attached at the tail of the linked list
(or, Tor another approach in which metadata object versions
are ordered 1n descending order, at the head of the linked
list), and thereby attached to the key-value entry for the
metadata item. In addition to metadata items, a metadata
object version can incorporate one or more timestamps
indicating a timestamp range for which that metadata object
version 1s valid. In examples, successive metadata versions
are valid for successive time intervals that are contiguous
but non-overlapping. The software instructions of the dis-
closed technology can also be used to perform some or all
ol these actions.

In some examples, multiple key-value stores can be
established on respective slave nodes of a common master
node. The multiple key-value stores can be the same or
different. Metadata from a first master metadata database
table can be stored on one slave node but not on another
slave node, or stored on both slave nodes. Two slave nodes
can store non-identical sets of metadata 1tems from a par-
ticular metadata database table.

In another aspect, the disclosed technologies are directed
to computer-readable media storing software instructions for
retrieving copies ol one or more metadata items from a
key-value store on a slave node, 1n response to a request for
the metadata 1tem(s). Based on the request, a search value 1s
formed. The search value 1s looked up among keys of the
key-value store, and the matching key-value entry 1s used to
obtain the locally stored copies of one or more of the
requested metadata 1items. In some examples, a metadata
object including requested metadata item(s) 1s directly
stored 1n, and can be retrieved from, the value field of the
matching key-value entry. In other examples, the value field
contains a reference, such as a pointer, to a metadata object
in which one or more requested metadata 1items are stored.
In such examples, the value field can be dereferenced to
obtain the metadata object, and the copy of the metadata
item can be extracted from the metadata object. In further
examples, the value field contains a reference to a sequential
data structure, such as a linked list, of multiple versions of
metadata objects which can be orgamized by timestamp. In
such examples, the value field can be dereferenced to obtain
the head of a sequential data structure (e.g., linked list), and
the sequential data structure can be traversed to obtain the
correct version of the metadata object having a timestamp
matching the request; copies of the requested metadata
item(s) can be extracted from this metadata object. If the
request timestamp 1s outside the timestamp range of a given
metadata object version, then the given metadata version 1s
not the correct version. It the request timestamp 1s within the
range ol a subsequent metadata object version, then the
subsequent metadata object version 1s the correct version.

In another aspect, the disclosed technologies are directed
to computer-readable media storing software instructions for
maintaining or pruning a sequential data structure of ver-
sions of metadata objects. A determination can be made
whether a metadata object version 1s still needed, for
example, based on the upper limit of 1ts timestamp range.
When the determination 1s made that the metadata object
version 1s no longer needed, 1t can be dissociated from its
attached key-value entry.
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In a further aspect, the disclosed technologies are directed
to computer-readable media storing software instructions for
creating and maintaining the key-value store as a hierarchi-
cal collection of key-value structures. A parent key-value
structure has parent key-value entries for other key-value
structures. Respective distinct child key-value structures can
be instantiated 1n the slave key-value store for each metadata
database table of the database instance on the master node.
The child key-value structures contain key-value entries for
respective master metadata 1tems as described herein. Each
parent key-value entry contains a key serving as an 1identifier
of the associated child key-value structure, and a value
which 1s a reference to the associated child key-value
structure.

In examples, the child key-value structure can be estab-
lished along with formation of the associated master meta-
data database table, such as when a view 1s created. In other
examples, the child key-value structure can be established
along with copying of a database table or other construct
from the master node to the slave node. In further examples,
the child key-value structure can be established at the time
when a metadata 1tem from the associated master metadata
database table 1s requested at the slave node.

In another aspect, the disclosed technologies are directed
to computer-readable media storing software instructions for
retrieving copies of metadata items from a hierarchical
key-value store. Upon receipt of a request for a metadata
item from a given master metadata database table, a struc-
ture search value 1s determined and looked up in a parent
key-value structure to find a reference to the child key-value
structure for the given master metadata database table.
Based at least partly on the request, a metadata 1tem search
value 1s determined and looked up in the child key-value
structure to find the matching key-value entry associated
with the requested metadata item. As described herein, the
matching key-value entry 1s used to get the copy of the
metadata 1tem which, 1n examples, can be stored 1n a
metadata object within the key-value entry, or in a metadata
object directly pointed to by the value field of the key-value
entry, or 1n a metadata object version in a sequential data
structure (e.g., linked list) of metadata objects pointed to by
the value field.

In another aspect, the disclosed technologies are directed
to computer-readable media storing software instructions for
operating on the master metadata database tables using
database transactions having guarantees, and for using non-
guaranteed operations on the slave key-value store. In
examples, the master metadata database tables can only be
operated on with guaranteed transactions. In examples,
guaranteed transactions have properties of atomicity, con-
sistency, 1solation, and durability (“ACID”). In examples, a
master metadata database table can be an mm-memory row
store table managed by a database management system
(“DBMS”). In contrast, in examples, key-value store opera-
tions are lacking 1n one or more of the ACID properties.

In another aspect, the disclosed technologies are directed
to computer-readable media storing software instructions for
implementing key-value entries that are read-only. The
key-value store can be managed as a read-only cache.

The 1nnovations can be implemented as part of one or
more methods, as part of one or more computing systems
adapted to perform an innovative method, or as part of
non-transitory computer-readable media storing computer-
executable instructions for causing a computing system to
perform the innovative method(s). The various mnovations
can be used 1n combination or separately. The foregoing and
other objects, features, and advantages of the invention will
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4

become more apparent from the following detailed descrip-
tion, which proceeds with reference to the accompanying
figures.

BRIEF DESCRIPTION OF TH.

L1l

DRAWINGS

FIG. 1 1s a diagram depicting metadata structures at a
master node and at a slave node, according to disclosed
technologies.

FIG. 2 1s a flowchart of a method for building a slave
key-value store according to disclosed technologies.

FIG. 3 1s a flowchart of another method for building a
slave key-value store according to disclosed technologies.

FIG. 4 1s a flowchart of a method for processing a
metadata request according to disclosed technologies.

FIG. 5 1s a flowchart of another method for processing a
metadata request according to disclosed technologies.

FIG. 6 1s a partial flowchart depicting methods for lazy
filling of a key-value store according to disclosed technolo-
gies.

FIG. 7 1s a diagram depicting organization of slave
metadata according to disclosed technologies.

FIG. 8 1s a flowchart of a method for processing a
metadata request according to disclosed technologies.

FIGS. 9A-9F are diagrams illustrating methods of pruning,
an obsolete metadata object version, according to disclosed
technologies.

FIG. 10 1s a flowchart of a method for updating metadata
according to disclosed technologies.

FIG. 11 1s a diagram schematically depicting a computing,
environment suitable for implementation of disclosed tech-
nologies.

FIG. 12 1s a diagram schematically depicting computing,
devices operating 1n conjunction with a computing cloud for
implementation of disclosed technologies.

DETAILED DESCRIPTION

Overview

Distributed databases can be implemented in various
ways. For example, in SAP HANA, diflerent tables can be
assigned to different index servers, which can be running on
different hosts. Alternatively, a table can be split so that
different rows or columns are stored on different index
servers, or a table can be replicated on multiple mdex
servers. The distributed deployment can have metadata for
data tables, for views, and/or for other features, attributes,
functions, etc. (generally, entities) of the distributed deploy-
ment. In some examples, multiple servers can store part or
whole of a common table, and it can be desirable for each
such server to have 1ts own copy or cache of associated
metadata. In examples, a metadata manager of one server
can serve as a master metadata manager, while metadata
managers ol other servers can serve as slave metadata
managers. Correspondingly, the master metadata manager
controls a master metadata store, while the slave metadata
managers control respective slave metadata stores. Slave
metadata stores are caches that can contain clones or copies
of all or part of the master metadata store. The master and
slave metadata stores can be stored alongside or within their
respective servers.

In examples, the master metadata store can be 1mple-
mented using one or more row store database tables, while
in other examples, the master metadata store can be 1mple-
mented using other database tables or other data structures.
Database tables provide master metadata with robust, pre-
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existing support for transactions with guarantees, for
example, using read/write access including locks, change

logs, maintenance, and/or concurrency controls. Guarantees
can be provided i the form of the “ACID” properties:
atomicity, consistency, 1solation, and durability. Providing
these guarantees can add significant overhead in the process
of managing the database tables; at the same time, these
guarantees could also be unnecessary in a slave metadata
store. For example, a slave metadata store can be read-only,
and accordingly lock support for the slave metadata store
can be much simpler than for the master metadata store, or
even non-existent.

The disclosed technologies take advantage of the differ-
ences 1n requirements for master and slave metadata stores
to 1mplement simpler structures for slave metadata stores
and thereby increase the efliciency of slave metadata opera-
tions. Particularly, a slave metadata store can be imple-
mented using one or more key-value structures, which can
simplity the process of managing metadata at a slave node.
Further, the key-value structures can be simply adapted to
facilitate multi-version concurrency control, so that out-oi-
order transactions can be provided with correct metadata
according to their respective timestamps.

The disclosed technologies can be extended to multiple
slaves and to multiple masters. Two slave nodes of a
common master database instance can implement respective
key-value metadata stores, which can (but need not) be
identical. Particularly, a master metadata table can be cached
on one slave node but not on the other. Different sets of
metadata 1tems from a single master metadata table can be
cached on the two slave nodes. In some examples, a database
system can support multiple 1solated databases which can
have different masters. Thus, a server can have the role of
master node for one database but have the role of slave node
for another database. In some examples, a slave node can
have separate key-value metadata stores for each 1solated
database, while 1n other examples, a slave node can maintain
multiple 1solated key-value structures within a single key-
value store.

Definitions

As used 1n this description, a “table” 1s a two-dimensional
array organized into rows (records) and columns (fields). A
table can be a database table used to store application data,
or a metadata table used to store metadata about the database
environment or entities within the database environment. In
examples, a table can be a row store table accessed through
an associated imndex structure which maps keys to respective
row 1dentifiers. The index structure can be a B+ tree such as
a compressed prefix B+ tree. The table and index structure
can support concurrent reads and writes with guarantees.
Multi-version concurrency control can be implemented
through the use of row-level or record-level write locks and
optimistic read locks. Version management, rollback,
replays, and disaster recovery can be supported using dii-
terential logs. The table can support a range of constraints or
integrity checks.

As used 1n this description, a “key-value structure” 1s a
collection of entries (or tuples), each tuple having of one or
more values associated with a key. In examples, a tuple has
a key and a single associated value, so the tuple 1s a 2-tuple
or ordered pair which can be dubbed a “key-value pair”.
Key-value structures can be used to store metadata about a
database environment, on one or more slave nodes. In some
examples, a key-value structure can be implemented using
one or more flat structures, while 1mn other examples, the

10

15

20

25

30

35

40

45

50

55

60

65

6

key-value structure can be implemented using one or more
hash tables. A key-value structure can be implemented as

read-only from the client side, with updates from a master
node supported by a simple tuple-level lock or 1n some
examples no lock at all. Multi-version concurrency control
can be supported through the use of organizing metadata
objects 1nto linked lists or other sequential data structures. A
key-value structure for slave metadata can be implemented
without one or more of the constraints, integrity checks, or
guarantees that apply for management of a master metadata
table. Overall, a key-value metadata structure can be imple-
mented with considerably less overhead than a (master)
metadata table, thereby providing improved etliciency and
performance with regard to time, processor utilization, and
storage space.

As used 1n this disclosure, a “key-value store” 1s a
collection of one or more key-value structures together with
any other structures, objects, etc. (generally, metadata
objects) 1n which slave metadata copies are stored. In some
examples only a single key-value structure 1s used. Where
multiple key-value structures are used, the key-value struc-
tures can be organized hierarchically into two or more
levels, so that a top-level (parent or root) key-value structure
matches a prefix of a search key and points to a bottom-level
(child or leat) key-value structure, which matches the entire
key and provides the desired value. In some examples, the
key-value structures can be organized into two levels, while
in other examples, mtermediate levels of key-value struc-
tures can be mmplemented, so that the total number of
key-value structure levels can be three, four, five, 6-10, or
more levels. A key-value structure below the root level 1s
pointed to by a corresponding entry in a parent key-value
structure, and can match a further portion of the search key
as compared to its parent level. A key-value entry above the
leat level provides link to a subsequent level. A key-value
entry at the leaf level provides the target metadata item (e.g.,
as part of a metadata object) or points to a metadata object
containing the target metadata item. In other examples,
distinct keys can be used for different levels.

A metadata item can be wrapped (or otherwise associated)
with a version number, one or more timestamps indicating a
range of validity, and/or a name or other identifier into a
metadata object. A metadata object can contain one or more
metadata items. A metadata object can be embedded within
the value field of a leaf-level key-value entry, or it can be
pointed to by a reference in such value field. Metadata
objects can be chamned 1n a traversable sequential data
structure such as a linked list. In such examples, the head of
the sequential data structure can be attached or pointed to
directly by the value field of the key-value entry, while other
metadata objects in the sequential data structure can be
reached from the head and are thus attached or pointed to
indirectly.

As used 1n this disclosure, a “node” 1s a host computer
with one or more processors and attached memory hosting
at least part of database instance. The term “master node” (or
“slave node”) indicates a node acting 1n the role of a master
(or slave) for replication activity.

Example Metadata Architecture

FIG. 1 1s a diagram 100 depicting metadata stores at a
master node and at a slave node of a database environment,
according to disclosed technologies. In the illustration, the
master node metadata store 101 contains indexed database
tables 111-117 (dubbed “metadata database tables™), which

can be managed as database tables with guaranteed trans-



US 10,482,103 B2

7

actions; 1n examples, indexed database tables 111-117 sup-
port only transactions with guarantees. The slave node
metadata store 102 1s a key-value store containing key-value
structures 130, 140, 150 along with metadata objects 161-
169, 171-178. As described herein, the key-value store 102
can be managed as a lightweight store with low overhead,
such as a read-only cache, and can be managed using
operations lacking ACID-based guarantees.

At the master node, metadata database table 111 includes
an mdex 111le¢ and an underlying table 1115; metadata
database tables 112-117 are similar. In examples, metadata
database tables 111-117 can be in-memory row store data-
base tables managed by a database management system
(“DBMS”) at the master node. As illustrated, metadata
database table 111 contains metadata for application-level
database tables 121a-k. Metadata database table 117 con-
tains metadata for views 127q-m. Similarly, metadata data-
base tables 112-116 (latter not shown) can contain metadata
corresponding to other classes of objects, constructs, fea-
tures, attributes, etc. (generally, entities) within the database
instance on the master node.

At the slave node, slave key-value store 102 contains
copies of metadata 1tems for tables, views, and optionally
other entities of the master database instance that could be
required by the slave node or by clients of the slave node. In
the slave metadata store 102, metadata objects 161-169 and
171-178 are attached to hierarchically arranged key-value
structures 130, 140, 150. Root-level structure 130 comprises
a set of key-value entries 131-137. Each entry 1s a 2-tuple (or
key-value pair) comprising a key (1314-137%) and a value
(131v-137v). Key 1314 can be “Table” which provides a
prefix match for all keys beginning with “Table,” such as
“Table:Userl:abc.” In the example shown, value 131v can
be a reference, such as a pointer, to leai-level key-value
structure 140, which contains all keys 1414£-149% having a
“Table” prefix. The corresponding values 141v-149v contain
respective references (e.g., pointers) to the corresponding
metadata objects 161-169, each of which contain one or
more metadata items corresponding to their associated keys.

Similarly, key 137k can be “View:” which provides a
prefix match for all keys beginning with “View:” such as
“View:Userd:bb2.” In the example shown, value 137v can
be a reference, such as a pointer, to leai-level key-value
structure 150, which contains all keys 1514-158% having a
“View:” prefix. The corresponding values 151v-158v con-
tain respective references (e.g., pointers) to the correspond-
ing metadata objects 171-178, each of which contain one or
more metadata items corresponding to their associated keys.

Similarly, other entries 1n key-value structure 130 can
have keys 1324, 133%, and so on, providing prefix match to
keys having a prefix of “Synonym,” “Sequence,” and so
torth, for different classes, types, categories, etc. of metadata
represented 1n different master metadata tables. The corre-
sponding values 132v, 133v, and so on can point to corre-
sponding leaf-level key-value structures, not shown.

With this disclosure 1n hand, one of ordinary skill will
appreciate that many variations are possible within the scope
of the disclosed technologies. Although key-value structures
130, 140, 150 are shown as separate structures, 1n some
examples they can be stacked together to form a single
key-value structure, 1n which (such as value 131v) contains
a row number, pointer, or other reference to the correspond-
ing key-value pair (such as {141k, 141v}), and similarly for
the other values 132v-137v. Although key-value structures
130, 140, 150 are shown as a hierarchy, this 1s not a
requirement: 1 some examples, all key entries such as
“Table:User2:gh1” or “View:User3:dd” can be collected 1n a
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single key-value structure, without any of the entries of
parent key-value structure 130. Although metadata objects

161-169, 171-178 are shown outside structures 140, 150, 1n
some examples some or all of the metadata objects 161-169,
171-178 can be directly stored as the respective values
within structures 140, 150. Additionally, the slave key-value
store 102 can be implemented with more levels, less levels,
or non-uniform level depth. For example, a second-level,
intermediate (non-leal) key-value structure can be imple-
mented 1n which different key-value entries correspond to
different “Users™ for the “Table” metadata database table. In
this example, the key-value entry for “Table:User2” can
include a reference to a third-level key-value structure that
includes key-value entries for “Table:User2:det,” “lable:
User2:ghi,” and so on. Thus, different third-level key-value
structures can be implemented for keys having prefixes
“Table:Userl ” “Table:User2,” and/or “Table:User20.” The
key-value structure can be organized as a tree, but need not
be organized as a tree. For example, “Table:User5” and
“View:User5” can resolve to a common third-level key-
value structure containing all table and view keys for User3.
Thus, key-value structures can form a graph other than a
tree.

Likewise, many vanations are also possible at the master
metadata store 101. For example, mstead of being imple-
mented as in-memory row store tables, some or all of
metadata database tables 111-117 can be column store
tables, disk tables, hybrid tables, or other data structures.
One or more metadata database tables can be implemented
without an index, or indexes can be shared between meta-
data database tables. Varying cardinalities can be supported.
As shown, metadata database table 111 provides metadata
for a plurality of application-level tables 121a-4, but this 1s
not a requirement: any cardinality of relationship between
application-level tables and metadata tables can be 1mple-
mented, including one-to-one, many-to-one, one-to-many,
or many-to-many Similarly, any cardinality between views
and metadata data tables 1s possible. Similarly, any cardi-
nality between metadata database tables 111-117 and rows 1n
root key-value structure 130 (or, between metadata database
tables and child key-value tables) can be implemented. For
example, application-level tables Table_A, Table B, and
Table C can be supported by a single metadata database
table 111, but can have different key-value entries in root
key-value structure 130. Cardinality from parent-level key-
value entries to child-level key-value structures can be
one-to-one or many-to-one.

First Example Method for Building a Key-Value
Store

FIG. 2 1s a flowchart 200 of a method for building a slave
key-value store according to disclosed technologies. As
described herein, the slave key-value store can incorporate
one or more key-value structures arranged hierarchically or
otherwise 1n a connected graph. The slave key-value store
can also incorporate one or more metadata objects attached
to corresponding key-value entries in the key-value struc-
tures and located in a memory pool locally at the slave node.

At process block 210, a key-value store 1s instantiated. At
process block 220, a trigger 1s received, for adding one or
more metadata items to the key-value store. Responsive to
this trigger, a new key-value entry 1s formed at process block
230 and added to the key-value store at process block 240.
A new metadata object containing one or more newly added
metadata 1tems 1s formed at process block 2350. Finally, at
process block 260, the new metadata object 1s attached to the



US 10,482,103 B2

9

new key-value entry. Alternate orderings of process blocks
230-260 can be used. For example, process block 250 for
forming the metadata object can be positioned before one or
both of process blocks 230, 240. As another example,
process block 240 can be deferred until after the metadata
object has been attached to the key-value entry, which means
that the key-value entry can be left un-modified after it 1s
written.

Returning to process block 210, mnstantiation of the key-
value store can include instantiation of one or more key-
value structures within the key-value store. In some
examples, the key-value store consists of a single key-value
structure with entries for all slave metadata items. This
key-value structure can be istantiated as an empty structure,
or 1t can be pre-filled with key-value entries for some known
metadata items. In other examples, the key-value store 1s
designed as a hierarchical collection of key-value structures,
which provides for more eflicient look-up as compared to a
single (and potentially large) key-value structure. In some
examples, hierarchical key-value structures can distribute
contention (such as lock contention) between clients or
between a client and a master. In such examples, instantia-
tion of the key-value store can include creation of a parent
key-value structure and optionally one or more child key-
value structures. For each child key-value structure created,
a parent key-value entry can be created in the parent
key-value structure with a reference to the associated child
key-value structure.

At process block 220, a trigger 1s recerved, for adding one
or more metadata items to the key-value store. In varying
examples, diflerent triggers can be used. In some examples,
copying all or part of an application-level database table, a
view, or other construct of the master database 1nstance onto
the slave node can be used as a trigger to propagate
associated metadata. In other examples, a housekeeping,
user, or system event can be used as a trigger to copy new
or modified metadata from the master node to the slave
node. In further examples, a request for a metadata 1tem not
already present in the slave metadata store can be used as a
trigger to add that metadata 1tem.

At process block 230, a new key-value entry 1s formed.
The key-value entry can include a key field which i1s used to
identify the key-value entry and can be searched for to find
a key-value entry and metadata object matching a particular
search key. The key field can be an 1dentifier of the master
metadata item for which the key-value entry 1s intended. The
identifier can be a text name, and can be a qualified name.
The key-value entry can further include a value field which
1s associated with a metadata object, as described further
below.

At process block 240, the new key-value entry for a new
metadata item 1s added to the key-value store. The new
key-value entry can be added to a sole key-value structure
where only one key-value structure 1s present, or it can be
added to an appropriate child key-value structure depending
on what the metadata item pertains to. For example, a view
metadata item can be added to a child key-value structure for
view metadata, such as 150, and a table metadata item can
be added to a child key-value structure for table metadata,
such as 140. In some examples, the new key-value entry can
be added at the end of the key-value structure, while 1n other
examples, the key-value structure can be maintained 1n
sorted order, and the new key-value entry can be added at 1ts
sort position within the key-value structure. In further
examples, the key-value structure 1s maintained as a hash
table, and adding the key value entry can include computing,
a hash of 1ts key to obtain a hash address and writing the
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key-value entry or a pomter to the key-value entry at the
hash address. A collision resolution mechanism can be

implemented to handle hash collisions. In examples, the
key-value entry can include additional fields, for example, a
field for a timestamp at which the associated metadata 1tem
was updated on the master node.

At process block 250, the new metadata object 1s formed.
In examples, forming the new metadata object includes:
retrieving the desired metadata item from the master node,
packaging the retrieved (copy of the) metadata 1item into a
metadata object, and storing the metadata object at the slave
node. In various examples, the metadata object can be
identical to the retrieved metadata item, or can include
additional attributes such as one or more timestamps, size of
the metadata object, a forward reference to a succeeding
metadata object, or a name or other identifier. The metadata
object can be stored 1n a memory pool, or 1n a data structure
such as a linked list or an array of metadata objects.

At process block 260, the new metadata object 1s attached
to the new key-value entry. In examples, this 1s achieved by
writing a pointer or other reference to the metadata object
into the value field of the key-value entry. In other examples,
the value field of the added key-value entry can hold the
copy of the metadata item itself, which 1s part of the
metadata object. In other examples, the value field can hold
some other type of reference (not a pointer) to the metadata
object, which 1s a property of the metadata object, such as an
address or name, that can be used to locate and retrieve the
metadata object. In examples, where the metadata object has
not yet been built or stored, the value field of the key-value
field can be left blank at process block 230, while in other
examples with different ordering of process blocks, the copy
of the metadata 1tem or the metadata object’s address can be
inserted 1nto the key-value entry at process block 230 1tself.

Although FIG. 2 shows formation of a single key-value
entry and attached metadata object at process blocks 230-
260, a plurality of new key-value entries and respective
metadata objects can be added to the key-value store as a
result of a single trigger event, or at other times during the
lifecycle of the slave key-value store. Where multiple entries
and metadata objects are added, the same process blocks
230-260 are followed for each entry-metadata object pair.
The various entry-metadata object pairs can be added

sequentially, 1n parallel, in batches, or in any combination
thereof.

Second Example Method for Building a Key-Value
Store

FIG. 3 1s a flowchart 300 of another method for building
a slave key-value store according to disclosed technologies.
While similar 1n some respects to tlowchart 200, tlowchart
300 shows certain details of instantiating a multi-level
key-value store, and has a diflerent ordering of operations
equivalent to process blocks 230-260.

At process block 310, an empty key-value store 1s instan-
tiated at a slave node. At process block 315, an empty parent
key-value structure 1s instantiated within the key-value
store. At process block 320, an empty child key-value
structure 1s instantiated within the key-value store, corre-
sponding to a given master metadata database table. In
examples, each child key-value structure can cache metadata
from a different respective master metadata database table.
However, not all master metadata database tables need be
cached on a given slave node. At process block 325, a parent
key-value entry 1s added to the parent key-value structure
with a key field identifying the child key-value structure or
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the given master metadata database table. The value of the
parent key-value entry can be set to reference the child
key-value structure.

To add a copy of a master metadata item to the slave
metadata store, at process block 330 the metadata item copy
1s retrieved from the master node and a metadata object 1s
formed containing the copied metadata item. At process
block 335, a given key-value entry 1s formed, having a key
representative of the metadata item. At process block 340,
the metadata object 1s attached to the given key-value entry,
for example, by setting the value field of the key-value entry
to an address or other reference of the metadata object. Then,
at process block 345, the given key-value entry 1s added to
the child key-value structure, as described herein.

First Example Method for Metadata Item Retrieval

FIG. 4 1s a flowchart 400 of a method for processing a
metadata request according to disclosed technologies. As
described below, a search key corresponding to the metadata
request 1s determined, and used to find the requested meta-
data item.

At process block 410, a request 1s recerved at a slave node
for a metadata 1tem. For purposes of illustration, this can be
a metadata 1tem whose copy 1s stored 1n metadata object 161
and associated with a key-value entry {141k, 141v}. The
request can include a name of the desired metadata 1tem,
which can be a bare name “abc¢” or a qualified name such as
“Table:Userl:abc” or “Userl:abc.”

At process block 420, a metadata item search value 1s
formed, based at least partly on the request. The metadata
item search value can be a text string such as a qualified
name, e.g., “Table:Userl:abc.” At process block 430, a
match for the metadata item search value 1s sought among,
the keys of the child key-value structure.

In some examples, a key lookup 1n a key-value structure
can be implemented by a senal traversal of the key-value
structure, while 1n other examples having sorted keys, a
binary search can be used. In further examples, a key-value
structure can be implemented as a hash table, 1n which case
lookup can be performed by computing a hash of a search
value and using the hash as an index into the hash table.

Then, at process block 440, the value (e.g., 141v) 1s
retrieved from the matching key-value entry 1n the key-value
structure, and used to obtain the copy of the requested
metadata 1tem from a metadata object. In examples, the
retrieved value can be a direct or indirect reference to the
desired metadata object (e.g., 161) which contains the copies
of the one or more desired metadata items. Finally, at
process block 450, the copy of the desired metadata 1tem 1s
returned 1n response to the original request.

Second Example Method for Metadata Item
Retrieval

FIG. 5 1s a flowchart 500 of a second method for pro-
cessing a metadata request according to disclosed technolo-
gies. As described below, this method determines a search
key corresponding to the metadata request, and uses the
search key to find the requested metadata 1tem.

At process block 510, a request 1s received at a slave node
for a metadata item. For purposes of illustration, this can be
a metadata 1tem whose copy 1s stored 1n metadata object 161
and associated with a key-value entry {141k, 141v}. The
request can include a name of the desired metadata 1tem,
which can be a bare name “abc¢” or a qualified name such as

“Table:Userl:abc™ or “Userl:abc.” At process block 515, a
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structure search value 1s formed, based at least partly on the
request. The structure search value can be, e.g., “Table” or

“Table:Userl:abc.” At process block 520, a prefix match for
the structure search value 1s sought 1n a root-level key-value
structure similar to 130. In different examples, the match can
be an exact match to, e.g., ““Table” or a partial match to, e.g.,
“Table:Userl:abc.” At process block 525, the value (e.g.,
131v) 1s obtained from the matching entry of the root
key-value structure; this value contains or provides a refer-
ence to a child key-value structure similar to 140.

At process block 530, a metadata 1tem search value 1s
formed, based at least partly on the request. The metadata
item search value can be a text string such as a qualified
name, e.g., “Table:Userl:abc.” At process block 335, a
match for the metadata item search value 1s sought among
the keys of the child key-value structure. Once found, the
matching key-value entry can be used to get the copy of the
requested metadata item. At process block 540, the value
(e.g., 141v) 1s retrieved from the matching key-value entry
in the child key-value structure, and used to retrieve a
metadata object. In examples, the retrieved value can be the
copy ol the desired metadata item itself, copies of a plurality
of desired metadata items, a desired metadata object con-
taining one or more copies of desired metadata items, or a
direct or indirect reference to the desired metadata object
(e.g., 161) which contains the one or more copies of desired
metadata 1tems.

Finally, at process blocks 545 and 3550, the copy of the
desired metadata 1tem 1s extracted from the metadata object
and returned in response to the original request. Alterna-
tively, in some examples, the metadata object can be
returned intact in response to the request.

Example Methods for Lazy Filling of a Key-Value
Store

In the description above, matching keys have been pre-
sumed to be present at process blocks 520 and 535. In some
examples, the slave key-value store can be managed so that
the key-value store 1s proactively built and maintained and
matching entries are always present, except possibly under
fault conditions. In other examples, the slave key-value store
can be built and populated on a lazy, on-demand basis, and
matching entries could be absent at the time of a metadata
request.

FIG. 6 1s a partial flowchart 600 depicting methods for
lazy filling of a key-value store according to disclosed
technologies. Process blocks 520, 535, and 550 are kept
intact from FI1G. 5, and additional process blocks are shown
for handling the no-match conditions.

To handle examples with no-match found at process block
5335, a decision branch can be incorporated within process
block 535. If a match was found at process block 533, then
the method continues as described to process block 540.
Otherwise, i the no-match case, the method proceeds to
process block 637, where the copy of the requested metadata
item can be retrieved from the master node. Then, at process
block 639, the corresponding metadata object can be built.
At process block 641, a new key-value entry for the
requested metadata item 1s added to the child key-value
structure, with the metadata object being attached to the new
key-value entry, similar to the description of FIG. 2 above.
Using the copy of the retrieved metadata item 1n place of the
extracted copy of the metadata item (process block 643), the
method can return to process block 550, where the copy of
the metadata 1tem 1s returned in response to the request
received at process block 5310. In this manner, the request for
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a metadata 1tem absent from the slave key-value metadata
store results 1 (1) adding the copy of the requested metadata

item to the slave metadata store, and (11) response to the
request with the copy of the requested metadata 1tem.
Similarly, 1n some examples, a matching entry in the
parent key-value structure could be absent at process block
520. To handle examples with no-match found at process
block 520, a decision branch can be inserted within process
block 520. If a match was found at process block 520, then
the method continues as described to process block 525.
Otherwise, i the no-match case, the method proceeds to
process block 622, where a new child key-value structure 1s
created. Then, at process block 624, a new key-value entry
can be added to the parent key-value structure and attached
to the newly built child key-value structure. Since the new
chuld key-value structure can be empty at this point, a
no-match condition can be expected at process block 535.
Accordingly, the method can proceed directly to process
block 637 for handling a missing key-value entry as
described above, bypassing process blocks 525, 530, 335. In
this manner, the request for a metadata item belonging to a
non-existent key-value structure results in creation and
attachment of the missing key-value structure, followed by
handling of the missing metadata item as described above.

Example Multi-Version Support

FIG. 7 1s a diagram 700 depicting organization of slave
metadata according to disclosed technologies, including
multi-version support. As described herein, key-value struc-
ture 710 1s a structure that can be used to match keys
7114-719% and determine respective values 711v-719v. As
illustrated, metadata objects 721a-721¢ form a linked list for
one of the key-value entries {711%, 711v} of the key-value
structure 710. Each metadata object incorporates two time-
stamps, which indicate a transaction timestamp range for
which the metadata object 1s presumed to be valid. In this
example, “Min: 100000 and “Max: 100050 in metadata
object 721a 1indicate that metadata object 721a 1s valid for
transaction timestamps in the range [100000, 100050),
where square brackets [ | denote a closed interval endpoint
and parentheses ( )denote an open interval endpoint. Simi-
larly, metadata object 72156 1s valid for transaction time-
stamps 1n the interval [100050, 10003535). Finally, metadata
object 721c¢ 1s valid for transaction timestamps=100035.

These timestamps can be understood as follows. Metadata
object 721a was originally tagged as valid over [100000, co),
until a metadata update was received from the master node
with timestamp 100050. At this point, new metadata object
7215 was formed with validity [100050, co) and chained to
previous metadata object 721a, with metadata object 7214
having 1ts “Max” validity tag “Max:c0” replaced by “Max:
100050 to retlect the metadata update In this way, metadata
object 721a 1s retained intact for older transactions having
timestamps <100050, and new metadata object 7215 1s
available for later transactions having timestamps =100050.
A stmilar metadata update at 100055 causes newer metadata
object 721¢ to be chained to metadata object 7215, with the
“Max:” tag ol metadata object 7215 being updated to
100055. In the 1llustration shown, no newer metadata update
has been made to the copies of metadata item represented by
metadata objects 721a-721c¢. Although new metadata object
729b was added with timestamp 100340, this pertains to a
different metadata item and does not affect the chain or
linked list of metadata objects 721a-721c. In examples,
successive metadata objects 1n a chain can have successively
later ranges of timestamp validity.
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Although described as a linked list, the chain 721a-721c¢
can be implemented 1 various ways. For example, the

metadata objects 721a-721¢ can be implemented as a vector
or contiguously stored array, without some of the overhead
associated with a linked list structure. In other examples,
metadata object 7215 can be implemented as a change or
delta relative to its preceding metadata object 721a.

As 1llustrated, entry value 711v points to the head of the
chain or linked list 721a-721¢, which allows updates to be
made without breaking any links or changing the value 711v.
In other examples, the chain 721a-721c¢ can be organized so
that value 711v points to the taill (most recent) metadata
object, 721c¢ (or, alternatively, new metadata object versions
are added to the head of the list). Such an arrangement
provides greater efliciency for newer requests (having newer
transaction timestamps).

As 1illustrated, each metadata object contains two time-
stamps representing the beginning and end of 1ts valid
timestamp range. However, this 1s not a requirement of the
disclosed technologies. In examples, only the ending time-
stamp 1s included in the metadata object; the beginning,
timestamp can be inferred from the ending timestamp of a
previous metadata object; a beginning timestamp for the
head object 721a can be supertluous, since all transactions
preceding the actual beginning timestamp value are known
to have been cleared from the database system. In other
examples, only the beginning timestamp 1s included 1n the
metadata object; the ending timestamp can be inferred from
the beginming timestamp of the succeeding metadata object,
and can be taken to be co (infinity) 1f there 1s no succeeding
metadata object. The timestamp value(s) for a metadata
object can be maintained as part of the metadata object or
maintained separately outside the metadata object. Simi-
larly, the reference (e.g., pointer) to a next metadata object
in a chain can be maintained as part of the metadata object
or maintained separately outside the metadata object. Other
attributes (not shown) such as size of a metadata object can
also be maintained.

Regardless of the organization of the chain 721a-721c, a
housekeeping operation can purge old metadata objects
when all transactions having timestamps below their Max
tags have been completed or cleared from the database
environment. For example, the chain 721a-721¢ could have
had earlier metadata objects with Min tags of 050000,
063000, and so on, which were removed by a housekeeping
operation at 100005. At timestamp 100003, metadata objects
721a, 722a, and 729a were still current, and could not be
removed, while metadata objects 7215-721¢ and 7295 had
not yet been created. Purging of old metadata objects can
happen periodically (e.g., according to a schedule) or on
demand 1n response to a condition (e.g., low memory).

Third Example Method for Metadata Item Retrieval

FIG. 8 1s a flowchart 800 of a third method for processing,
a metadata request according to disclosed technologies.
Process blocks 810-840 are similar to process blocks 510-
540 described earlier; additional operations in FIG. 8 are
directed to traversing a list of metadata objects similar to
721a-721c to obtain the correct metadata object based for a
timestamp ol the metadata request.

At process block 810, a request 1s recerved at a slave node
for a metadata 1tem for a transaction having timestamp B.

The structure search value can be determined at process
block 815 similar to process block 515. Process blocks 820,
825, 830, 835 are similar to process blocks 520, 525, 530,

535 described earlier, in which two levels of key-value
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structures are traversed to find a key-value entry whose key
matches the metadata item search value.

Then, at process block 840, the value of the matching
key-value entry, which can be a pointer, 1s followed to a
metadata object (e.g., 721a) at the head of a list of metadata
objects. In some examples, the list of metadata objects has
a single member (e.g., 722a), while 1n other examples, the
list of metadata objects can have two (e.g., 729a-729b),
three (e.g., 721a-721c¢), or even more metadata objects. At
process block 840, a list position counter J can be set to 1,
indicating that the method i1s at the head of the list of
metadata objects. The metadata objects of the list can be
denoted according to link position, e.g., O, thus, the first
metadata object 1s simply O,. The description proceeds in
terms of the list position counter J for the sake of 1llustration,
although one of ordinary skill will appreciate that an 1imple-
mentation of flowchart 800 can omit the list position counter
J.

The method proceeds to process block 845, where the
valid time range [11, T2) can be determined from tags
associated with or incorporated within metadata object O,.
Then, at process block 850, the request timestamp B 1s
compared with T1 and/or T2. If T1>B, then the method
tollows branch 1, and proceeds to report an error at process
block 855. The reason for this 1s that the first metadata object
has the lowest timestamp range 1n 1ts linked list; 11 B<T1,
there cannot be another metadata object which 1s valid for
timestamp B. Alternatively, there could have been an earlier
metadata object that was purged during housekeeping. This
too can be reported as an error, because the earlier metadata
object should not have been purged until after all transac-
tions with timestamp B have been completed or cleared. In
some examples, T1 1s always 0 for the first metadata object,
so B 1s never less than T1.

Examining other cases at process block 850, 11 B=T2, then
branch 2 1s followed to process block 860. In examples, the
condition B=T2 means that a metadata update has occurred
and that a newer metadata object 1s present. Therefore, list
position counter J 1s incremented, and the list 1s followed to
the next metadata object O,, whereupon the method loops
back to process block 845.

The remaining case at process block 850 1s for T2>B=T1,
for which branch 3 i1s followed to process block 890.
Because timestamp B 1s within the range of validity for O,
a copy of a metadata item from the metadata object O, can
be returned, in response to the metadata request received at
process block 810. As described herein, rather than returning,
the entire metadata object O, 1n some examples one or more
metadata values can be extracted from the metadata object
O ; at process block 890, and the extracted metadata values
can be returned instead of the entire metadata object O .

Examples of Metadata Pruning,

FIGS. 9A-9F are diagrams 1llustrating methods of pruning,
an obsolete metadata object version. Pruning can be desir-
able when 1t 1s determined that all transactions earlier than
some timestamp have been completed or otherwise cleared
from the database system. Pruning can be performed peri-
odically (e.g., according to a schedule) or on demand 1n
response to a condition (e.g., low memory).

FIG. 9A depicts a chain of metadata objects 921a-921c¢
similar to the chain of metadata objects 721a-721¢ described
above. Each metadata object 921 (for1 € {a, b, ¢}) contains
metadata item 922i, a forward pointer 923i, and timestamp
range data 924i. Forward pointer 923a, 9235 point to 9215,
921c¢ respectively; forward pointer 923¢ at the end of the
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chain can be set to a null pointer or some other indication of
end-of-chain. Pointer 911a 1s a pointer in the associated
key-value entry’s value field, similar to 711v described
above.

At some time, a determination 1s made that metadata
object 921a 1s obsolete, and a housekeeping task i1s set to
dissociate metadata object 921a from the associated key-
value entry and from the other metadata objects from the
chain. As used 1n this description, “dissociation” of a meta-
data object from its key-value entry refers to any operation
or combination of operations that results 1n metadata object
being unreachable from the key-value entry.

In a first dissociation method, FIG. 9B shows the key-
value entry pointer 911a being changed to pointer value
9115 which points to metadata object 9215. Although meta-
data object 921aq 1s still present, it 1s now unreachable from
the key-value entry, and has thus been dissociated from the
key-value entry. Since metadata object 9214 1s unreachable
(sometimes denoted as orphaned, and shown by dashed
outline), 1t can be deleted during a garbage collection
operation, leaving the key-value entry and metadata object
chain 1n the state shown in FIG. 9C. In this method,

dissociation 1s performed by a single pointer modification 1n
the key-value entry.

FIGS. 9D-9F depict a second dissociation method. FIG.
9D represents the same starting configuration as FIG. 9A.
FIG. 9E shows metadata object 921a having been overwrit-
ten with the contents of metadata object 9215. The new copy
of metadata object 9215 1s 1n the same location as the earlier
metadata object 9214, and 1s properly pointed to by pointer
911a. Further, the new copy of metadata object 9215 con-
tains pointer 9235 which properly points to metadata object
921c. Thus, the overwriting operation leaves the chain of
metadata objects 1ntact, from key-value entry to object 9215
to object 921¢. Since the original metadata object 921a has
been overwritten, 1t cannot be reached from the key-value
entry and has been dissociated from the key-value entry. The
original copy of metadata object 9215 1s now orphaned and
unreachable, and can be deleted during a garbage collection
operation, leaving the key-value entry and the metadata
object chain 1n the state shown in FIG. 9F. In this method,
dissociation 1s performed without modification of the key-
value entry.

Example Metadata Update

FIG. 10 1s a flowchart 1000 of a method for updating
metadata according to disclosed technologies. Flowchart
1000 1s divided into swim lanes indicating actions occurring,
at a master node and two slave nodes of a database envi-
ronment, the slave nodes being denoted as Slave_1 and
Slave_2. These nodes can be roles relative to a particular
application-level table of the database environment; 1n
examples, different nodes of a database environment can be
masters for diflerent application-level database tables.

At process block 1012, the Slave_2 node 1ssues a request
1001 for updating a particular metadata item. The Master
node receives the request 1001 and updates the metadata
item at process block 1015. The metadata item update 1s
associated with a last-update timestamp A which, 1n
examples, can originate from the Slave 2 node, from the
Master node, or from another node at which a transaction or
other event led to the request 1001. At process block 1025,
the last-update timestamp A 1s pushed as a push notification
to at least those nodes having copies of the updated metadata
item. The push notification 1s received at both Slave_1 and
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Slave 2 nodes, which store the last-update timestamp A at
process blocks 1031 and 1032 respectively.

Subsequently, at process block 1041, a request 1002 for
the same metadata 1tem 1s received at the Slave_1 node, the
request having timestamp B. At process block 1051, request
timestamp B 1s compared with last-update timestamp A. IT
BzA, then the Y branch 1s followed, and updated metadata
1s requested from the Master node at process block 1061. At
process block 1075, the Master node receives the request
and responds with a copy of the updated metadata 1tem. In
some examples, the copy of the updated metadata item 1s
provided from the Master node to the Slave 1 node 1 a
transmission format, while 1n other examples, the updated
item 1s provided in a metadata object format used on the
Slave 1 node, and 1n further examples, the updated 1tem 1s
provided 1in the format used within the master metadata table
in which the master 1tem 1s stored. At process block 1081,
the copy of the updated metadata 1tem 1s received and
incorporated into an updated metadata object, which can be
integrated into the metadata key-value store on Slave 1. At
process block 1091, the copy of the updated metadata item
1s used to respond to the metadata 1tem request 1002.

Alternatively, 11 B<A 1s determined at process block 1051,
then no metadata update 1s required, and the N branch 1s
tollowed directly to process block 1091. A metadata object
already present on the Slave_1 node 1s used to respond to the
metadata item request 1002.

Additional Features

1. Metadata Examples

The disclosed technologies are applicable to a wide range
of metadata. Metadata i1tems can pertain to any sort of
application-level database table 1n the master database envi-
ronment including, for example, column store tables, row
store tables, alert tables, application-specific tables, appli-
cation tables, BIMC tables, cluster tables, converter tables,
cubes, data sources, data targets, decision tables, dictionary
mapping tables, dimensional tables, disk tables, extended
tables, extraction result tables, fact tables, flexible tables,
hybrid tables, link tables, logical tables, in-memory tables,
measurement tables, monitored tables, partitioned tables,
persisted tables, pivot tables, pooled tables, remote tables,
repository tables, runtime tables, series data tables, system
tables, temporary tables, translation tables, and/or virtual
tables.

Additionally, metadata 1tems can describe attributes of, or
otherwise support, other entities of the master node database
instance. Stored metadata can pertain to any of: ABAP
dictionaries, application descriptors, application program-
ming 1interface (API) procedures, definitions of local or
remote data sources, dependencies between software
objects, files, folders, key figures, locks, software object
versions, packages, plugins, procedures, privileges, queues,
repositories, schemas, sequences, services, synonyms, text
objects, translation functions, users, versions, Or VIEws.
Particularly, a metadata item can include one or more
clements each describing a user table, a table partition, a
table replica, or a database view.

A view can be a result of a stored application-level query
on a database instance, representing combinations and sub-
combinations of parts of one or more application-level
database tables. A view can be implemented as read-only or
as updatable. A view can have virtual or non-virtual (some-
times dubbed “materialized”) implementation.
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2. Read-only Cache

Portions of the key-value store described herein (espe-
cially metadata objects) can be implemented as a read-only
cache, which facilitates lightweight, fast, and eflicient opera-
tion of the slave metadata store. Different read-only variants
are within the scope of disclosed technologies. In all vari-
ants, there 1s no possibility of write contlict, which simplifies
the store implementation.

In some examples, a read-only object 1s one that can be
created and deleted but cannot be modified. Key-value
entries can have such a read-only property. Once created,
there 1s no need to modily a key-value entry. Changes to
metadata object versions, including deletion of obsolete
versions or updates to add new metadata object versions, can
be performed entirely by operations on the metadata objects
(as opposed to changing items inside a metadata object).
Key-value entries can also be deleted when the item to
which the metadata 1tem pertains (such as an application-
level database table or view) 1s removed from the slave
database instance.

In other examples, a read-only object 1s one that offers a
read-only client interface, but can be written or modified by
a sole owner, which can be the master node acting through
a metadata manager on the slave node. Key-value structures
can have such a read-only property. New entries can be
added under control of the metadata manager, or existing
entries can be updated (e.g., to add a metadata object version
or prune an old metadata object version) under control of the
metadata manager, but client-imtiated operations can only
search for matches 1n a key-value structure.

3. References

References are used in numerous places 1n this disclosure
to point, link, or provide a path to a metadata object. For
example, the value field of a key-value entry can contain a
reference to another key-value structure, or to a metadata
object, or to a sequential list of metadata objects. One
metadata object 1n a list can contain a reference to another
succeeding or preceding metadata object 1n the list. In some
examples, a reference can be a pointer, which 1s a memory
address of a destination (e.g., at which a metadata object 1s
stored). The address can be a physical address, or a logical
address which 1s mapped to a physical address through a
memory management system at the slave node. Aside from
pointers, references can be disk locations, file names, table
entry points, row numbers, or index values.

4. Sequential Data Structure

As described herein, multi-version concurrency control of
metadata can be supported by chaining metadata object
versions having different ranges of timestamp validity 1n a
sequential data structure such as a linked list. A sequential
data structure allows at least forward traversal through a
succession of metadata objects, and 1s sometimes dubbed a
“chain.” In a linked list, metadata objects contain at least a
forward link to a next metadata object, and can therefore be
scattered throughout available memory. Other sequential
data structures can be used, for example, a vector or a
contiguous table. In a vector or contiguous table, metadata
objects of fixed size can be used, and no forward pointer 1s
required; the next metadata object 1s the next component of
the vector, or the next row of the contiguous table. Other
hybrid structures combining some properties or advantages
of linked lists and vectors can also be used.

A Generalized Computer Environment

FIG. 11 illustrates a generalized example of a suitable
computing system 1100 1n which described examples, tech-
niques, and technologies, including construction, deploy-
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ment, operation, and maintenance of a master-slave database
system with lightweight replication of metadata, can be
implemented. The computing system 1100 1s not intended to
suggest any limitation as to scope of use or functionality of
the present disclosure, as the mmmovations can be 1mple-
mented 1n diverse general-purpose or special-purpose com-
puting systems.

With reference to FIG. 11, computing environment 1110
includes one or more processing units 1122 and memory
1124. In FIG. 11, this basic configuration 1120 1s included
within a dashed line. Processing unit 1122 executes com-
puter-executable instructions, such as for implementing any
of the methods or objects described herein for building a
slave key-value store, for retrieving metadata from the store,
for updating the store, for providing multi-version concur-
rency, or for pruning obsolete metadata versions, or various
other architectures, components, handlers, managers, mod-
ules, and repositories described herein. Processing unit 1122
can be a general-purpose central processing unit (CPU), a
processor 1n an application-specific integrated circuit
(ASIC), or any other type of processor. In a multi-processing
system, multiple processing units execute computer-execut-
able 1nstructions to increase processing power. Computing
environment 1110 can also include a graphics processing
unit or co-processing unit 1130. Tangible memory 1124 can
be volatile memory (e.g., registers, cache, or RAM), non-
volatile memory (e.g., ROM, EEPROM, or flash memory),
or some combination thereof, accessible by processing units
1122, 1130. The memory 1124 stores software 1180 imple-
menting one or more innovations described herein, in the
form of computer-executable instructions suitable for execu-
tion by the processing unit(s) 1122, 1130. The memory 1124
can also store slave key-value store (102), including key-
value structures (130, 140, 150, 710) and metadata objects
(161-169, 171-178, 721a-721c, 722a, 729a-729bH, 921a-
921c¢), as well as other configuration and operational data.

A computing system 1110 can have additional features,
such as one or more of storage 1140, input devices 1150,
output devices 1160, or communication ports 1170. An
interconnection mechanism (not shown) such as a bus,
controller, or network interconnects the components of the
computing environment 1110. Typically, operating system
soltware (not shown) provides an operating environment for
other software executing in the computing environment
1110, and coordinates activities of the components of the
computing environment 1110.

The tangible storage 1140 can be removable or non-
removable, and includes magnetic disks, magnetic tapes or
cassettes, CD-ROMs, DVDs, or any other medium which
can be used to store information 1n a non-transitory way and
which can be accessed within the computing environment
1110. The storage 1140 stores instructions of the software
1180 (including instructions and/or data) implementing one
or more mnovations described herein.

The mput device(s) 1150 can be a mechanical, touch-
sensing, or proximity-sensing input device such as a key-
board, mouse, pen, touchscreen, trackball, a voice input
device, a scanning device, or another device that provides
input to the computing environment 1110. The output
device(s) 1160 can be a display, printer, speaker, optical disk
writer, or another device that provides output from the
computing environment 1110.

The communication port(s) 1170 enable communication
over a communication medium to another computing
device. The communication medium conveys information
such as computer-executable instructions, requests for meta-
data 1tems, copies of metadata i1tems, or other data 1 a
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modulated data signal. A modulated data signal 1s a signal
that has one or more of 1ts characteristics set or changed in
such a manner as to encode information 1n the signal. By
way of example, and not limitation, communication media
can use an electrical, optical, RF, acoustic, or other carrier.

In some examples, computer system 1100 can also
include a computing cloud 1190 1n which instructions 1mple-
menting all or a portion of the disclosed technology are
executed. Any combination of memory 1124, storage 1140,
and computing cloud 1190 can be used to store soltware
istructions and data of the disclosed technologies.

The present innovations can be described in the general
context of computer-executable instructions, such as those
included 1n program modules, being executed 1n a comput-
ing system on a target real or virtual processor. Generally,
program modules or components include routines, pro-
grams, libraries, software objects, classes, components, data
structures, etc. that perform particular tasks or implement
particular abstract data types. The functionality of the pro-
gram modules can be combined or split between program
modules as desired in various embodiments. Computer-
executable 1nstructions for program modules can be
executed within a local or distributed computing system.

The terms “system,” “environment,” and “device” are
used iterchangeably herein. Unless the context clearly
indicates otherwise, none of these terms 1mplies any limi-
tation on a type ol computing system, computing environ-
ment, or computing device. In general, a computing system,
computing environment, or computing device can be local
or distributed, and can include any combination of special-
purpose hardware and/or general-purpose hardware and/or
virtualized hardware, together with software implementing,
the functionality described herein. Virtual processors, virtual

hardware, and virtualized devices are ultimately embodied
in one or another form of physical computer hardware.

An Example Cloud Computing Environment

FIG. 12 depicts an example cloud computing environment
1200 1n which the described technologies can be imple-
mented. The cloud computing environment 1200 comprises
a computing cloud 1290 containing resources and providing
services. The computing cloud 1290 can comprise various
types of cloud computing resources, such as computer
servers, data storage repositories, networking resources, and
so forth. The computing cloud 1290 can be centrally located
(e.g., provided by a data center of a business or organization)
or distributed (e.g., provided by wvarious computing
resources located at diflerent locations, such as difterent data
centers and/or located 1n diflerent cities or countries).

The computing cloud 1290 can be operatively connected
to various types of computing devices (e.g., client comput-
ing devices), such as computing devices 1212, 1214, and
1216, and can provide a range of computing services thereto.
One or more of computing devices 1212, 1214, and 1216 can
be computers (e.g., server, virtual machine, embedded sys-
tems, desktop, or laptop computers), mobile devices (e.g.,
tablet computers, smartphones, or wearable appliances), or
other types of computing devices. Connections between
computing cloud 1290 and computing devices 1212, 1214,
and 1216 can be over wired, wireless, or optical links, or any
combination thereof, and can be short-lived or long-lasting.
These connections can be stationary or can move over time,
being implemented over varying paths and having varying
attachment points at each end. Computing devices 1212,
1214, and 1216 can also be connected to each other.
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Computing devices 1212, 1214, and 1216 can utilize the
computing cloud 1290 to obtain computing services and
perform computing operations (e.g., data processing, data
storage, and the like). Particularly, software 1280 for per-
forming the described innovative technologies can be resi-
dent or executed in the computing cloud 1290, 1n computing

devices 1212, 1214, and 1216, or in a distributed combina-
tion of cloud and computing devices.

General Considerations

b B Y 4 22

As used 1n this disclosure, the singular forms “a,” “an,
and “the” include the plural forms unless the context clearly
dictates otherwise. Additionally, the terms “includes” and
“incorporates” mean “‘comprises.” Further, the terms
“coupled” or “attached” encompass mechanical, electrical,
magnetic, optical, as well as other practical ways of coupling,
or linking items together, and does not exclude the presence
of intermediate elements between the coupled items. Fur-
thermore, as used herein, the term “and/or” means any one
item or combination of items in the phrase.

Although the operations of some of the disclosed methods
are described 1n a particular, sequential order for convenient
presentation, it should be understood that this manner of
description encompasses rearrangement, unless a particular
ordering 1s required by specific language set forth below. For
example, operations described sequentially can 1n some
cases be rearranged or performed concurrently. Moreover,
for the sake of simplicity, the attached figures may not show
the various ways 1n which the disclosed things and methods
can be used 1 conjunction with other things and methods.
Additionally, the description sometimes uses terms like
“access,” “determine,” “extract,” “find,” “get,” “process,”
“read,” “respond,” “update,” and “use” to indicate computer
operations 1n a computer system. These terms denote actual
operations that are performed by a computer. The actual
operations that correspond to these terms will vary depend-
ing on the particular implementation and are readily dis-
cernible by one of ordinary skill 1n the art.

Theories of operation, scientific principles, or other theo-
retical descriptions presented herein in reference to the
apparatus or methods of this disclosure have been provided
for the purposes of better understanding and are not intended
to be limiting in scope. The apparatus and methods 1n the
appended claims are not limited to those apparatus and
methods that function in the manner described by such
theories of operation.

Any of the disclosed methods can be implemented as
computer-executable instructions or a computer program
product stored on one or more computer-readable storage
media, such as tangible, non-transitory computer-readable
storage media, and executed on a computing device (e.g.,
any available computing device, including tablets, smart-
phones, or other mobile devices that include computing
hardware). Tangible computer-readable storage media are
any available tangible media that can be accessed within a
computing environment (e.g., one or more optical media
discs such as DVD or CD, volatile memory components
(such as DRAM or SRAM), or nonvolatile memory com-
ponents (such as flash memory or hard drives)). By way of
example, and with reference to FIG. 11, computer-readable
storage media include memory 1124, and storage 1140. The
term computer-readable storage media does not include
signals and carrier waves. In addition, the term computer-
readable storage media does not include communication
ports (e.g., 1170) or communication media.
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Any of the computer-executable istructions for imple-
menting the disclosed techniques as well as any data created
and used during implementation of the disclosed embodi-
ments can be stored on one or more computer-readable
storage media. The computer-executable mnstructions can be
part of, for example, a dedicated soitware application or a
soltware application that 1s accessed or downloaded via a
web browser or other software application (such as a remote
computing application). Such soiftware can be executed, for
example, on a single local computer (e.g., any suitable
commercially available computer) or in a network environ-
ment (e.g., via the Internet, a wide-area network, a local-area
network, a client-server network, a cloud computing net-
work, or other such network) using one or more network
computers.

For clarity, only certain selected aspects of the software-
based implementations are described. Other details that are
well known in the art are omitted. For example, 1t should be
understood that the disclosed technology 1s not limited to
any specific computer language or program. For instance,
the disclosed technology can be implemented by software
written 1n ABAP, Adobe Flash, C, C++, C#, Curl, Dart,
Fortran, Java, JavaScript, Julia, Lisp, Matlab, Octave, Perl,
Python, R, Ruby, SAS, SPSS, SQL, WebAssembly, any
derivatives thereol, or any other suitable programming lan-
guage, or, 1n some examples, markup languages such as
HTML or XML, or 1n any combination of suitable lan-
guages, libraries, and packages. Likewise, the disclosed
technology 1s not limited to any particular computer or type
of hardware. Certain details of suitable computers and
hardware are well known and need not be set forth in detail
in this disclosure.

Furthermore, any of the software-based embodiments
(comprising, for example, computer-executable instructions
for causing a computer to perform any of the disclosed
methods) can be uploaded, downloaded, or remotely
accessed through a suitable commumication means. Such
suitable communication means include, for example, the
Internet, the World Wide Web, an intranet, software appli-
cations, cable (including fiber optic cable), magnetic com-
munications, electromagnetic communications (including
RF, microwave, infrared, and optical communications), elec-
tronic communications, or other such communication
means.

The disclosed methods, apparatus, and systems should not
be construed as limiting 1n any way. Instead, the present
disclosure 1s directed toward all novel and nonobvious
features and aspects of the various disclosed embodiments,
alone and 1n various combinations and subcombinations
with one another. The disclosed methods, apparatus, and
systems are not limited to any specific aspect or feature or
combination thereoif, nor do the disclosed embodiments
require that any one or more specific advantages be present
or problems be solved. The technologies from any example
can be combined with the technologies described 1n any one
or more of the other examples.

In view of the many possible embodiments to which the
principles of the disclosed invention may be applied, 1t
should be recognized that the illustrated embodiments are
only preferred examples of the invention and should not be

taken as limiting the scope of the invention. Rather, the
scope of the mnvention 1s defined by the following claims. We
therefore claim as our invention all that comes within the

scope and spirit of these claims.
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We claim:

1. One or more computer-readable media having stored
therein computer-executable instructions for causing one or
more processors, when programmed thereby, to perform
operations comprising, at a slave node 1n a database envi-
ronment:

instantiating a key-value store to catalog locally stored

metadata from a given metadata database table, among
one or more metadata database tables at a master node
in the database environment; and

adding, to the key-value store, a given key-value entry

comprising a key and a value for a metadata object,
wherein the metadata object includes a copy of a
metadata item stored in the given metadata database
table.

2. The one or more computer-readable media of claim 1,
wherein, in the given key-value entry, the key comprises an
identifier of the metadata 1tem stored 1n the given metadata
database table.

3. The one or more computer-readable media of claim 1,
wherein, 1n the given key-value entry, the value 1s:

a reference to the metadata object;

the metadata object;

a reference to a sequential data structure that includes the

metadata object; or

a placeholder.

4. The one or more computer-readable media of claim 1,
wherein the operations further comprise:

receiving a request for the metadata item;

based at least 1n part on the request, determining a

metadata 1item search value;

looking up the metadata item search value i1n the key-

value store to find the given key-value entry; and
using the given key-value entry to get the copy of the
metadata 1tem.

5. The one or more computer-readable media of claim 4,
wherein using the given key-value entry to get the copy of
the metadata item comprises:

using the value 1n the given key-value entry as the copy

of the metadata 1tem;

using the value 1n the given key-value entry as a reference

to get the metadata object and extracting the copy of the
metadata 1tem from the metadata object; or

using the value 1n the given key-value entry as a reference

to get a sequential data structure, traversing the sequen-
tial data structure to get the metadata object, and
extracting the copy of the metadata item from the
metadata object.

6. The one or more computer-readable media of claim 1,
wherein the metadata object 1s a first version of the metadata
object, the first version providing a first snapshot of the
metadata 1tem stored 1n the given metadata database table,
and wherein the operations further comprise:

attaching a second version of the metadata object to the
given key-value entry, the second version providing a
second snapshot of the metadata i1tem stored in the
given database table, wherein the second snapshot is
later than the first snapshot.

7. The one or more computer-readable media of claim 6,
wherein, 1n the given key-value entry, the value 1s a refer-
ence to a sequential data structure that includes the first
version and the second version.
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8. The one or more computer-readable media of claim 6,
wherein version data for the first version indicates a first
timestamp range, and wherein version data for the second
version indicates a second timestamp range after the first
timestamp range.

9. The one or more computer-readable media of claim 6,
wherein the operations further comprise:

recerving a request for the metadata item, the request

including a timestamp;

based at least in part on the request, determining a

metadata 1item search value;
looking up the metadata item search value in the key-
value store to find the given key-value entry; and

based at least 1n part on comparisons of the timestamp of
the request to a timestamp limit of the first version
and/or a timestamp limit of the second version, deter-
mining the copy of the metadata 1tem from the second
version, wherein the second version 1s valid at the
timestamp of the request.

10. The one or more computer-readable media of claim 1,
wherein the given metadata database table at the master
node supports guaranteed database transactions, and
wherein the key-value store at the slave node supports
non-guaranteed operations.

11. The one or more computer-readable media of claim
10, wherein the key-value store 1s managed as a read-only
cache.

12. The one or more computer-readable media of claim 1,
wherein the operations further comprise:

for each of one or more metadata database tables, among

the one or more metadata database tables at the master
node, instantiating a respective key-value structure
within the key-value store.

13. The one or more computer-readable media of claim
12, wherein the one or more metadata database tables
include the given metadata database table, and the opera-
tions further comprise:

instantiating a parent key-value structure; and

adding, to the parent key-value structure, a parent key-

value entry for the given metadata database table, the

parent key-value entry comprising:

a key; and

a value for the key-value structure for the given meta-
data database table.

14. The one or more computer-readable media of claim 1,
wherein the slave node 1s a first slave node, and wherein the
operations further comprise, at a second slave node in the
database environment:

instantiating a second key-value store to catalog locally

stored metadata from another metadata database table,
among the one or more metadata database tables at the
master node, that 1s not replicated at the first slave
node; and

adding, to the second key-value store, a second key-value

entry comprising a second key and a second value for
a second metadata object, wherein the second metadata
object includes a copy of a second metadata 1tem stored
in the other metadata database table.

15. The one or more computer-readable media of claim 1,
wherein the operations further comprise:

recerving a request for the metadata 1tem, wherein adding

the given key-value entry 1s performed 1n response to
the receiving the request.

16. A computer system comprising one or more proces-
sors and memory, wherein the computer system implements
a name server configured to perform operations of a slave
node 1n a database environment, the operations comprising;:
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instantiating a key-value structure for a given metadata
database table, among one or more metadata database
tables at a master node 1n the database environment:;
and
adding, to the key-value structure for the given metadata
database table, a given key-value entry, the given
key-value entry comprising a key and a value for a
metadata object, wherein the metadata object imncludes
a copy ol a metadata 1tem stored 1n the given metadata
database table.
17. A method comprising:
at a slave node 1n a database environment:
instantiating a key-value store to catalog locally stored
metadata from a given metadata database table,
among one or more metadata database tables at a
master node 1n the database environment:; and
adding, to the key-value store, a given key-value entry
comprising a key and a value for a metadata object,
wherein the metadata object includes a copy of a

10

15

metadata 1tem stored in the given metadata database »g

table.
18. The method of claim 17, wherein, in the given
key-value entry:
the key comprises an identifier of the metadata item stored
in the given metadata database table; and
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the value comprises:
a reference to the metadata object;
the metadata object;

a reference to a sequential data structure that includes
the metadata object; or
a placeholder.
19. The method of claim 17, further comprising:
recetving a request for the metadata item:;
based at least in part on the request, determining a
metadata 1tem search value;
looking up the metadata item search value in the key-
value store to find the given key-value entry; and
using the given key-value entry to get the copy of the
metadata 1tem.
20. The method of claim 17, wherein the metadata object
1s a first version of the metadata object, the first version

providing a first snapshot of the metadata item stored in the
given metadata database table, and further comprising:
attaching a second version of the metadata object to the
given key-value entry, the second version providing a
second snapshot of the metadata item stored in the
given database table, wherein the second snapshot 1s
later than the first snapshot.
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